Summary-Circularly polarized unidirectional radiation, over a bandwidth which is at the discretion of the designer, is obtainable with a single antenna. The antenna is constructed by wrapping balanced equiangular spiral a r m s on a conical surface. The non-planar structure retains the frequency-independent qualities of the planar models, and, in addition, provides a single lobe radiation pattern off the apex of the cone. Practical antennas have been constructed with radiation patterns and input impedance essentially constant over bandwidths greater than 12 to 1 and there is no reason to assume that these cannot be readily extended to more than 20 or 30 to 1. * Manuscript received by the PGAP, July 27, 1958 
INTRODUCTION
HE principle of scaling in electromagnetic theory has been used extensively for many years in the testing of antennas. More recently, it has been applied to the design of antennas that have unique and useful characteristics as the frequency of operation is varied.I The characteristics of these antennas are essentially frequency independent over bandwidths which, although they are not unlimited, may be easily extended to 20 to 1, or more. The general approach is to design a radiating structure such that successive applications of a scaling factor result in structures which are identical with the original, or which, a t most, differ by some rotation about an axis through the origin of the original structure. Although the structure must be infinite in size to fulfill the scaling condition of exact equivalence, it has been found that there is a class of structures that may be truncated and still retain, over an extremely wide range of frequencies, the characteristics of infinite size. This class of antennas is based upon a plane curve, the equiangular or logarithmic spiral, which possesses the property of having a change of scale merely equivalent to a rotation. Several such curves can be used to outline antennas on plane or conical surfaces. The basic characteristics of the planar antenna have been covered elsewhere;2 the present paper is concerned with the nonplanar antenna.
It is possible to retain the desirable frequency-independent characteristics of the planar antenna and, in addition, confine the radiation to one hemisphere by forming the planar arms down onto a conical surface.a The nonplanar antenna so constructed, with a small cone angle, has a unidirectional rotationally-symmetric radiation pattern. The maximum radiation occurs on the antenna axis off the apex of the cone. These balanced conical spirals can be constructed to operate over bandwidths comparable to those of the basic planar structure. A rotation of both curves by 180 degrees will provide the second arm of a balanced structure. The edges of the antenna, so defined, will maintain a constant angle (Y with the radius vector for any cone angle 0 0 ; however, the antenna will spiral more tightly; ie., b will decrease, as 0 0 decreases from n/2.
ON ANTENNAS
The antennas may be constructed by forming metal arms on a suitable conical support or may conveniently be etched on a flexible teflon-impregnated fiberglass material and then formed into a cone. Fig. 2 shows an etched antenna fed with RG 141/U cable bonded t o the arms. As previously indicated for the planar antennas, these are balanced structures and a balanced feed is necessary for optimum performance. The feed may be brought in along the axis of the antenna by a balanced feed line or by an unbalanced line and balancing transformer or balun. The bandwidth of this latter method, of course, depends upon the bandwidth of the balun. The rapid decay of the current along the arms, observed in the planar case, is present in a modified form in these nonplanar antennas. This makes possible the same method of feeding the structure; i.e., the cable is bonded to one antenna arm and is carried to the origin += 0 where the center conductor is tied to the opposite arm. A dummy cable on the opposite arm will maintain symmetry. Since the ends of the antenna arms do not carry appreciable antenna currents except at the very lowest frequency of operation, the arms themselves act as an "infinite balun," the feed terminals are isolated from ground in a balanced manner and the outside of the feed cable beyond the antenna arms does not carry a significant amount of antenna current. However, as the frequency of operation is decreased, a point will be reached where these conditions are violated; this should be considered below the range in which the antenna may be expected to operate satisfactorily.
OPERATION IN FREE SPACE
The change in the radiation pattern of a balanced antenna as it is depressed from a plane onto the surface of a cone as a function of the cone angle, BO, is indicated in Fig. 3 above. There is a marked increase in the frontto-back ratio for included cone angles of 30" (BO of 15") or less. The antenna radiates off the apex of the cone. There is no basic tilt to the pattern, and for small b (order of 0.05) the lobe is rotationally symmetric. The pattern rotates with frequency (as previously observed in the planar case), but this rotation is masked by the pattern symmetry. For BO= 10" and a = 73", the halfpower beamwidths are typically 70" for EO polarization and 90" for E6 polarization. Typical radiation patterns are shown in Fig. 4 . As is true with the planar antenna, the pattern bandwidth is at the control of the designer. The upper frequency, fi, depends upon the diameter, d, of the truncated apex and the lowest useable frequncy, fi, upon the base diameter, D . For the smaller sizes of feed cable (RG 141/U or smaller), BO= 10" and parameters of the order of K = O M to 0.9, and a = 73", an apex diameter of X1/4 and a base diameter of 3X2/8 should provide a front-to-back ratio of 15 db, or greater, and an axial ratio well below 2 on axis. I t is worth noting that the radiated field is circularly polarized well off axis, as indicated in Fig. 5 .
The method of feeding the conical antenna, by embedding the cable on the antenna arms, leads to a very interesting, and what may well be the most useful version of the antenna. If the expanding arms are decreased to a narrow width and allowed to degenerate into constant width structures, the arms may be formed by the cable alone, as in Figs. 6(a) and 6(b). In this wire version, the feed cable, RG 8/U, becomes one arm. At the apex, the center conductor is carried over and bonded to the outer braid of a dummy cable which forms the opposite arm of a balanced antenna. Radiation pattern characteristics are indicated in Fig. 7 . For this particular antenna, patterns were excellent don7n to a base diameter of approximately 0.3X2, and, as for the true equiangular antennas referred to previously, up to an apex diameter of approximately X1/4. An apex diameter of approximately four centimeters appears to be a practical limit for cable of this size, which indicates an upper useful frequency of around 1600 or 1700 mc. However, the bandwidth can, as before, be extended downward to any desired frequency by a suitable extension of the cone.
IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION
Since the pattern range a t this laboratory has a practical limit from 0.3 to 1 2 kmc, it is convenient to show the bandwidth potential by going up in frequency. Fig.  8 shows the patterns over an 11 to 1 range of frequencies for an antenna identical except for the fact that-it was constructed of RG 141/U cable. The apex could then be carried to a diameter of approximately two centimeters. As indicated in Figs. 7 and 8, for a given antenna size, those structures with wider arms (large cable in the wire version, or smaller K in the true equiangular version) may be operated down to a slightly longer wavelength.
Antennas such as the one in Fig. 6 could most conveniently be constructed of solid wall $ inch coaxial cable and should be most useful structures in the VHF and UHF regions for telemetering and similar purposes.
The input impedance of these antennas appears to be well behaved over a t least as wide a bandwidth as the radiation pattern. The mean impedance level appears to slow1y decrease with decreasing cone angle. The variation in the measured impedance of the antennas referred to in Fig. 3 , over the frequency range from 0.5 to 2.5 kmc, is indicated in Table I . The impedance is influenced by the construction a t the terminal region. Since these antennas were fed with a coaxial cable of 0.140-inch diameter, this cable dominates the terminal region and undoubtedly contributes to the mean impedance level. However, this appears to be the only practical method of feeding these structures if the full bandwidth potentiality is to be realized. Hence, the input impedance with a practical size feed cable bonded to the arms is of interest.4
As indicated in Figs. 4, 7 and 8, these antennas would be a better match to a 100-ohm cable than to the 50-ohm cable used. However, the stability of the VSWR with frequency, over the pattern bandwidth, is apparent.
OPERATION OVER A GROUND PLANE
A previous investigation of the unbalanced conical antenna fed against a ground plane with the apex of the cone on the ground plane had demonstrated the pattern rotation and some of the characteristics of this ~e r s i o n .~ However, the radiation pattern of the unbalanced a ntenna was tilted off axis, and the pattern rotation caused the antenna to be of limited usefulness.
The balanced antenna referred to in Fig. 4 was placed with its base on a 12-foot square ground plane and the arms bonded to the ground plane. The presence of the ground plane narrows the beamwidth somewhat at the lower frequencies but does not deteriorate the radiation pattern, and, above 600 mc, the VSWR of the antenna was essentially unaffected by the ground plane.
OPERATION IN A FLUSH-MOUNTED CAVITY
A very limited investigation indicates that it is possible to place this antenna in a conical cavity and obtain essentially unaffected operation over the lowest portion of the bandwidth of the antenna. However, the cavities investigated have imposed on over-all frequency bandwidth of about 4 to 1.'j
INCREASING THE BEAMWIDTH
The pattern beamwidth appears to be related to the rate of spiral and varies from around 70" for an angle CY of 74", to approximately 180 or 190' for an a of 45".
Preliminary patterns for an antenna with this latter angle are shown in Fig. 9 . These are of some interest because they are within approximately 6 d b of being those of a circularly polarized isotropic source in one hemisphere. Operation of these nonplanar antennas is possible in free space, or with the antenna base over a ground plane. They need not be isolated from the ground plane. Flush mounted operation is possible with some sacrifice in bandwidth.
IRE TRANSACTIONS ON ANTENNAS AND PROPAGATION October
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